We demonstrate the extent to which modern detector technology, coupled with a high flux constant wavelength neutron source, can be used to obtain high quality diffraction data from short data collections, allowing the refinement of the full structures (including hydrogen positions) of 10 hydrous compounds from in situ neutron powder diffraction measurements. The in situ thermodiffractometry and controlled humidity studies reported here reveal that important information on the reorientations of structural water molecules with changing conditions can be easily extracted, providing insight into the effects of hydrogen bonding on bulk physical properties. Using crystalline BaCl 2 .2H 2 O as an example system, we analyse the structural changes 15 in the compound and its dehydration intermediates with changing temperature and humidity levels to demonstrate the quality of the dynamic structural information on the hydrogen atoms and associated hydrogen bonding that can be obtained without resorting to sample deuteration.
Introduction
Parametric powder diffraction studies provide information 20 on structural changes as a function of a variable, most commonly temperature or time under set conditions of e.g. humidity. Powder thermodiffractometry, using either Xray or neutron scattering, is a technique that has been widely applied to the study of decomposition and transformation 25 routes in solids 14 , impacting on such practical problems as storage of anhydrous pharmaceuticals, wetting/curing of building materials, such as gypsum and cements, and the use of industrial desiccants, for example anhydrous salts and zeolites. Powder thermodiffractometry is primarily used 30 to collect basic information on phase behaviour during such processes via quantitative phase analysis, which involves comparing the ratios of integrated intensities (e.g. during "curing" of hydrous building materials 5 ), or to track changes in unit cell parameters as a function of temperature 35 (for example, during the dehydration of zeolitic materials 6 or in the study of materials displaying negative thermal expansion 7 ) . It is less common for profile fitting methods, which allow structural parameters such as site occupancies and atomic positions to be determined as a function of 40 temperature, to be used to obtain detailed structural information from variable temperature diffraction profiles. When performed, such structural thermodiffractometry studies will chiefly focus on changes in heavy atom positions (typically via Xray diffraction 8, 9 ) or oxygen 45 positions (using neutron diffraction 10, 11 ), while the changes in hydrogen positions in inorganic compounds during thermal decompositions are generally not taken into account. As many thermal decomposition reactions of importance involve hydrogencontaining species, in 50 particular, the water molecules of hydrated compounds, the extent of hydrogen bonding present in hydrous species can greatly contribute to the stability of a particular crystalline form. For example, the decomposition of salt hydrates, hydrated zeolite/zeoliterelated framework structures and of 55 clays all involve the loss of water, often via formation of intermediate partially hydrated phases 5, 12 , and having information on the hydrogen bonding in these structures would greatly enhance understanding of the mechanisms of the transformations. 60 While the short data collection times necessary for temperature or time resolution in in situ parametric studies is provided by Xray diffraction (XRD), the technique's insensitivity to light atoms (such as H) in the presence of heavier metals means that hydrogen positions from XRD are 65 rarely directly refined. Neutron powder diffraction (NPD) has many practical advantages for hydrogenous materials, which include superior resolution of the positions of light atoms in the presence of heavier Z elements (c.f. Xray diffraction), and the capability to handle large sample sizes, 70 which provides information on the bulk sample and the ability to track changes that involve significant changes in unit cell dimensions or sample density (an important advantage over single crystal studies, where there is the risk of the single crystal shattering at phase boundaries). 75 The large incoherent neutron scattering background of the 1 H isotope is typically combated in static neutron diffraction experiments by employing sample deuteration. Sample deuteration, however, complicates parametric measurements to a much greater extent than it does static, 80 exsitu structural characterisation, as the practicalities of handling and continuously measuring deuterated samples under changing conditions while keeping them in closed environments to prevent isotopic exchange are nontrivial and preclude dynamic analysis of deuterated materials in a 85 standard furnace. Furthermore, structural differences that occur as a result of isotope effects are well documented 13 15 .Therefore, the aquisition of highquality data from non deuterated samples would be vastly preferable.
As has been detailed in recent publications 16 the latest generation of highflux fixedwavelength neutron instruments with improved detector stability are exceptionally wellsuited to the study of polycrystalline 5 hydrogenous materials in their native (nondeuterated) form using NPD. The recent improvements in detector stability can be attributed to the greater stability of 3 He microstrip detectors 17 (such as those used on D20 at the Insitut Laue Langevin, (ILL)) with respect to time, combined with the 10 capability of such detectors to handle high count rates. The detector stability (which, in the case of D20, is enhanced by extensive outgassing of the detectors, ensuring purity of the work gas) results in more uniform detector efficiencies, compared to, for example, stretched wire detectors, while 15 the high count rates allow optimisation of peak to background ratios 18 . Both aspects, together with a well defined peak shape and good Δd/d resolution, allow the large incoherent scattering background of 1 H to be reliably fitted using a smooth function and subtracted from the data, 20 meaning that structural refinements of hydrogencontaining samples can be performed without the need for sample deuteration.
In order to critically assess the quality of the crystallographic information on hydrogen positions that can 25 be extracted from parametric studies using highresolution NPD data, the simple salt hydrate BaCl 2 .2H 2 O and its dehydration products were used as example compounds for in situ dehydration and hydration experiments, concentrating in particular on the positions and orientations 30 of the hydrogen atoms comprising the water molecules. The crystal structures of the dihydrate and of the intermediate monohydrate material had been previously studied at static temperatures by single crystal neutron diffraction (SND) by Padmanabhan et al. 19 and single crystal Xray diffraction 35 (SXD) by Lutz et al. 20 , and were assigned space groups P2 1 /c and Pnma, respectively. The SXD study of the heavy metal chloride monohydrate resulted in poorly defined hydrogen positions, suffering from errors (such as unrealistically short OH bond distances) associated with 40 determination of electron densities rather than nuclear positions. The structure was subsequently improved by Moller et al. 21 , using NPD on the deuterated analogue of the monohydrate material to determine probable positions for the deuterium atoms. 45 In this work, the changes in the structure of the intermediate compound and the transformations between the different hydrated forms of BaCl 2 were studied directly using in situ dehydration of the hydrogenous dihydrate material using neutron powder diffraction. In addition, the structure of the at a heating rate of 5 °C.min 1 . The NPD measurements were collected on the D20 diffractometer at the ILL 22 , 60 operating in its high takeoff angle configuration at a fixed wavelength of 1.87 Å. The in situ dehydration was performed using the standard furnace ancillary, from RT to approximately 160°C. A 5 g sample of polycrystalline BaCl 2 .2H 2 O was placed in the bulb of a longnecked silica 65 tube left open to the atmosphere at the neck end to allow for evaporation of water. An initial data set was collected at RT for 30 minutes and the sample was then ramped at 1.5 °C.min 1 to ~160 °C with continuous data collection binned into a series of five minute (~7.5 °C temperature 70 range) sets, to produce 32 good quality data sets. For the in situ hydration experiments, anhydrous BaCl 2 was prepared by heating BaCl 2 .2H 2 O at 400 °C under vacuum. NPD data was collected over a 12 hr period during the dynamic hydration of a 3 g sample of the BaCl 2 powder suspended in 75 a heavily perforated vanadium sample can in a humid flow of N 2 gas at 100% relative humidity (RH) at 298 K. The sample was exposed to water vapour during a 10 minute equilibration interval prior to collection of the first diffraction profile, and full NPD patterns were collected 80 over consecutive 2.5 min intervals thereafter. The resultant powder diffraction patterns were analysed via Rietveld refinement using the GSAS 23 Rietveld refinement program in conjunction with the EXPGUI 24 user interface. Table 1 and 20 the final backgroundsubtracted profile fit is shown in Figure 2 . Derived positional parameters were in accordance with the SND study, with the refined hydrogen-oxygen distances reflecting true internuclear separations: O1_H1 = 0.96 (3) Table 2 , with anisotropic atomic displacement parameters (ADPs) in Table 3 , and the final backgroundsubtracted profile fit shown in Figure 3 . 75 Figure 3 . Profile fit to backgroundsubtracted NPD data from BaCl2.H2O for the temperature range T = 110 ± 10 °C (20 min data collection) showing the data, profile fit, tick markers for peak positions and difference profile. Inset 2040° region expanded. 20 The structural model obtained is a clear improvement on that of Lutz in that the water molecule is more accurately defined (despite the higher temperature of data collection) with an O1_H1 distance of 0.88 (2) 30 as the H2 atom was very close to being in the OCl2 -Cl2 plane, it was asserted that thermal motion, which serves to straighten and strengthen typical "bent" bifurcated Hbonds, would have the effect of weakening the H2…Cl2 bond, since the H2 atom was very nearly in the OCl2Cl2 plane. 35 This was called into question by the subsequent study of the deuterated system (Moller et al, 1993) , which showed the spectroscopic bands to be consistent with the existence of a single bifurcated and a single almost linear H bond The geometry and orientation of the coordinated water 40 molecule from this study were comparable with the structure refined by Moller et al. from NPD data on the deuterated analogue of the monohydrate material, undertaken at 295 K and 1.5 K, in that the hydrogen bonding scheme consisted of one bifurcated (H2 -Cl2) and 45 one almost linear O -H….Cl hydrogen bond (H1 -Cl2), as opposed to the two sets of bifurcated bonds suggested by Lutz from analysis of refined Xray O…Cl bond distances. Indeed, further refinement of the structure of BaCl 2 .H 2 O at 110 ± 10 °C, incorporating anisotropic ADPs for the H 50 atoms, suggested a water molecule with hydrogen thermal ellipsoids which were elongated to extend above and below the plane created by the Cl atoms (see Figure 4 ), on an angle which could reduce the length of the bifurcated H2…Cl2 bonds with increased thermal motion, contrary to 55 the early model proposed by Lutz. The monohydrate starting model that had been refined against the compiled data set at 110 ± 10 °C was used for dual phase profile fitting of the remaining NPD data sets (containing mixtures of the monohydrate and the anhydrous 60 phase) over the temperature range 125150 °C. The data at temperatures above 150 °C showed evidence of pure anhydrous BaCl 2 , and the profile could be fitted using the crystallographic model of Brackett et al. 25 The final crystallographic description for BaCl 2 , refined from a single 65 data set, is presented in Table 4 . In order to investigate the changes in the refined structures with temperature, the 32 fiveminute thermodiffractometry data sets, starting with a data set centred on 37 °C, were analysed using the crystallographic starting models refined above. The SEQGSAS routine in the GSAS program was used to refine 105 this model against successive data sets until a deterioration of fit parameters (corresponding to the formation of the monohydrate as a second phase contributing to the diffraction profile) was observed. At this point the monohydrate model was introduced into the profile fitting process and a dual phase Full structural refinements including hydrogen positional parameters and isotropic ADPs were carried out where a contributing phase had a phase fraction of greater than 10 %, (i.e for the dihydrate, monohydrate and anhydrous phases, 25 structural data could be extracted from the approximate temperature ranges RT -80 °C, 50 -145 °C and 135 -160 °C, respectively). At the point where a phase contributed only weakly to the profile intensity (less than ~10% of the intensity of the main reflections) only phase fractions and the profile 30 parameters were refined for the relevant phase. Contributing phase fractions were extracted from the profile refinements and are summarised as a function of collection temperature in Figure 5 .
Results and Discussion
To demonstrate the type of information that can be gained from 35 full structural refinement of hydrogenous crystalline phases, the expansion of the monoclinic unit cell of BaCl 2 .2H 2 O with temperature up to its decomposition was monitored via the evolution of its lattice parameters between RT and 80 °C ( Figure 6 ). It was observed that expansion along the a and c 40 axes is approximately twice as fast as along b. Of note is that there is no BaO bond along the b direction, only longer BaCl and HCl interactions (see Figure 7 ). In order to investigate this behaviour in more detail it was necessary to gain more information on the hydrogen positions and hydrogen bonding in the structure. Of the four hydrogen 90 atoms, three (H1, H2 and H3 in Table 1 ) form strong, linear hydrogen bonds to chloride ions with ClH distances between 2.20(2) and 2.28(2) Å at room temperature. H4, however, forms bifurcated hydrogen bonds to Cl1 and Cl2 which, naturally, are significantly longer (between 2.57(2) and 2.64(2) 95 Å), as can be seen in Figure 8 . While the refined metalanion distances and oxygenhydrogen bond lengths vary smoothly as a function of temperature, increasing monotonically, the hydrogen bonding displays more complex behaviour with temperature. Upon heating, the linear hydrogen bonds elongate 100 in accordance with the overall thermal expansion of the material and as these three bonds are directed along mainly the a and c directions, this is reflected in the lattice parameter changes. The bifurcated hydrogen bonds, which lie mainly along the b axial direction, have bond strengths proportional to the combined strength of the hydrogen bonds to both acceptor groups 21 , and are therefore stronger than the linear hydrogen 25 bonds, despite having longer H…Cl distances. With increased temperature, these bonds prompt a minor reorientation of the water molecules, resulting in a slight shortening of their H…Cl distances and making the expansion along this axial direction much lower than in the other two directions. 30 Changes in the structure of intermediate phase BaCl 2 .H 2 O could also be monitored over the full temperature range for which it exists as a phase component with a level in excess of ~10% (~50 °C to 145 °C). Unlike the dihydrate, the expansion along the three crystallographic directions is approximately 35 isotropic (see Figure 9 ), probably due to the fact that there are H…Cl bonds in all three axial directions (four longer H…Cl contacts in the bc plane and one much shorter and stronger H…Cl bond along a 21 ). Of particular note is the potential in the present experiment to determine and monitor changes in 40 hydrogen positions over this temperature range; these show some distinct trends. For example the H2 xcoordinate, plotted as a function of temperature in Figure 10 shows a gradual trend 45 50 55 Figure 10 . Variation of the H2 x coordinate in BaCl2.H2O with 60 increased temperature, as refined from the fiveminute NPD data sets.
The straight line is a regression fit to the data; error bars are shown.
towards lower values as the decomposition temperature is approached, while the H1 x coordinate is increasing to a similar degree. This cooperative motion equates to tilting of the 65 coordinated water molecule, which serves to create a more linear hydrogen bond between H1 and Cl2 as the temperature is increased. While great care should be taken in relating structural features to reaction processes, changes in such bonding patterns may allow a better understanding of the 70 mechanism by which atoms and molecules start to rearrange themselves prior to a reaction. Finally, over the highest temperature studied, the final dehydration product, anhydrous BaCl 2 is the dominant stable phase above ~150 °C. Its structure was monitored for a 75 temperature range of only 20 °C and shows typical, uniform expansion rates along all three axes.
Rehydration of BaCl 2
In situ NPD data sets, collected during the dynamic 80 hydration of a sample of anhydrous BaCl 2 at 298 K were used to extract the relative phase fractions for the anhydrous, monohydrate and dihydrate compounds as a function of hydration time, using the structures presented in Tables 1 -3 as starting models. Figure 11 summarises the 85 phase fraction of each phase in the sample over the 12 hr experiment. In principle such data can be used to investigate the kinetics of a reaction, as was recently demonstrated for the hydration of pharmaceutical excipients 26 . In this case, however, such analysis is highly complex, due to the 90 presence of multiple phases in the system and uncontrolled diffusion kinetics of water vapour into the sample, and lies outside the scope of this article. The anticipated complete conversion of the anhydrous BaCl 2 , through pure monohydrate to the dihydrate phase 95 was not achieved. Instead, over the majority of the experiment, there existed a threephase mixture of the anhydrous, monohydrate (which reached a maximum phase fraction of ~60%) and dihydrate phases. This behaviour is at least in part due to experimental conditions, resulting from 100 the combination of the very hygroscopic nature of the anhydrous starting material and the size of the sample can used, resulting in hydration gradients between the inside and outside of the cell. A further contributing factor may be that the kinetics of the hydration of the monohydrate are 105 more rapid than those of the anhydrous material as might be expected if this phase forms as a coating on the anhydrous phase. Sequential structure refinement against the 2.5 min data sets, while enabling identification of intermediate phases 110 and the extraction of relative phase fractions of the three phases, was not useful for the extraction of accurate parametric data on the hydrogen atom positions for the monohydrate intermediate. This is because the ratio of refinable parameters to observations in a three phase 115 mixture was too high, and the gradual and continuous nature of the change prevented binning of multiple sample sets.
In an attempt to obtain a diffraction pattern from the pure monohydrate intermediate, a stream of dry, <5% RH, nitrogen gas was passed over the fully hydrated BaCl 2 .2H 2 O sample at the conclusion of the initial hydration experiment. The background level of the NPD patterns (from the large incoherent scattering contribution of the hydrogen atoms 5 and commensurate with the presence of water), showed a decrease consistent with loss of one water of crystallisation (i.e. dropping to ~50% of the background level of the dihydrate compound), reaching a plateau after the sample had converted completely to barium chloride monohydrate. 10 There were no peaks pertaining to the dihydrate phase observable in the final diffraction pattern, and the dehydration did not proceed further to the anhydrous phase under these conditions. This approach allowed the compilation of several data sets to produce a longer data set 15 with improved collection statistics, thus allowing more reliable crystallographic information on the structures to be extracted. The structure of the monohydrate could thus be freely refined with isotropic ADPs, resulting in a χ 2 value of 10.34 and an RF² of 6.93%. The structure refined for the 20 monohydrate at RT corresponded well with that refined from the monohydrate data from the longer, compiled data set of the dehydration experiment above, at 110 ± 10 °C, having a refined O1_H1 distance of 0.901(2) O1_H2 distance of 0.990(18) Å, and H1_O1_H2 angle of 99.4 (9)°. 25 The orientation of the water molecule once again favoured the model of a single bifurcated and one nearly linear hydrogen bond. Furthermore, the H1 x and H2 x coordinates (0.4035 (15) and 0.3939 (15) , respectively), are very close to the values that would be obtained from extrapolation of the 30 temperature dependent trends of these coordinates (in e.g. Figure 10 ) back to 298 K. These coordinates are consistent with a water molecule that is less tilted towards the Cl2 atoms at RT (compared to the high temperature structure) with an OH1 -Cl2 angle of ~135° as opposed to an angle of 35 ~142° at 110° C, indicating that the structure of the monohydrate adjusts such that the strongest hydrogen bond in the structure becomes more closely linear at higher temperatures. The extraction of refinable short data sets collected in situ would benefit from improved sample can 40 geometry or from tailoring the RH level to control the speed and extent of the reaction.
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Conclusions
Used at the most basic level the techniques used in this work can identify the presence and quantities of hydrogen containing intermediates during thermal dehydration or controlled RH rehydration and in a bulk sample -rather 65 than, as is often the case with Xray powder diffraction methods, surface phases. Analysis of the bulk phase fractions, determined from diffraction data, allows the investigation of the kinetics of a solid state reaction process 26 . As shown here, parametric 70 NPD studies can be extended to full refinement of the structures of crystalline hydrogenous materials, and this provides a wealth of information on the changes occurring in material with changes in external conditions. These results highlight the quality of the structural information 75 which can be obtained on the hydrogen positions in compounds containing coordinated water molecules from short NPD data collections under heating in situ. As the role of hydrogen bonding has been shown to impact on physical properties such as the rate of expansion of lattice 80 parameters, further parametric investigations of the hydrogen positions in compounds will shed light on the origins of other behaviours, for example, favourable decomposition pathways. These methods may be applied widely to systems of import such as desiccants, building 85 materials such as cements and plasters and also to pharma compounds, while the amount and quality of information that can be extracted from such parametric experiments would be enhanced by the use of complementary parametric information such as DFT calculations, IR and NMR 27 90 measurements .
In addition, the comparative study conducted here contrasts the type and quality of the information which can be extracted on hydration intermediates through use of in situ diffraction experiments. It was shown that controlled 95 humidity experiments could provide a structural description of the intermediate that was consistent with the one achieved via dehydration, but at ambient temperatures. The RT rehydration and dehydration capability may therefore find application in the wetting and drying and cycling 100 studies of commercial pharmaceuticals and excipients. In experiments, which afford tighter control on the activation temperatures for the dehydration steps, are more appropriate
